2007; www.sanger.ac.uk/genetics/CGP/cosmic/). Thus, targeting MEK1/2/ERK1/2 signalling constitutes a key strategy for mechanismbased anti-cancer treatment with many inhibitors of BRAF-MEK-ERK1/2 signalling now in the clinic and in preclinical development. One promising agent is the MEK1/2 inhibitor selumetinib (AZD6244, ARRY-142886) that has recently undergone phase I/II clinical trials for the treatment of advanced melanoma and colorectal cancer (Adjei et al, 2008; Board et al, 2009; Bennouna et al, 2011) and completed a phase II combination study in non-small-cell lung cancer (Janne et al, 2012) .
The development of molecularly targeted therapeutics such as BRAF and MEK1/2 inhibitors is assisted by the use of pharmacodynamic biomarkers to enable the monitoring of target inhibition and downstream pathway modulation and ultimately clinical response assessment and patient management (Banerji et al, 2008; Carden et al, 2009; Yap et al, 2010) . Noninvasive functional imaging biomarkers are particularly advantageous, as they remove the need for surgical biopsy (and the associated issues of tumour heterogeneity and difficulty of access) and allow repeat measurements to be performed in the same patient and the same tumour as well as at multiple sites, thus permitting longitudinal assessment (Workman et al, 2006; Waterton and Pylkkanen, 2012) . One imaging biomarker that is being evaluated in this context is the water proton apparent diffusion coefficient (ADC), derived from diffusion weightedmagnetic resonance imaging (DW-MRI), which provides image contrast based on the detection of the random (Brownian) thermally influenced motion of water molecules within tissues. With high sensitivity to motion over a few microns, DW-MRI can be applied to study the tumour microenvironment down to a cellular level. The distance travelled by a water molecule in a given time interval, the ADC, is inversely related to the presence of cell membrane boundaries, which indirectly informs on tissue cellularity Sinkus et al, 2012) . DW-MRI has shown promise as a tool for diagnosis of cancer, monitoring its response to therapy in pre-clinical models and patients and predicting treatment outcome (Dzik-Jurasz et al, 2002; Koh et al, 2007; Kim et al, 2008; Padhani et al, 2009; Tunariu et al, 2012) .
Treatment with BRAF-MEK-ERK1/2 signalling inhibitors, such as selumetinib, causes marked anti-tumour effects in many preclinical models. These drugs show higher potency in cancer cell lines harbouring oncogenic BRAF mutations but in vivo responses are also observed in tumour models that are BRAF WT , in particular those carrying RAS mutations (Solit et al, 2006; Davies et al, 2007; Ciuffreda et al, 2009; Yang et al, 2010) .
The growth inhibitory action of the MEK1/2 inhibitor selumetinib has been associated with induction of tumour apoptosis in a range of pre-clinical models (Davies et al, 2007) ; we thus hypothesised that such effects could induce changes in tumour tissue cellular density that may be detectable by DW-MRI. Here we evaluate ADC as a non-invasive pharmacodynamic imaging biomarker for assessing the impact of MEK1/2 signalling inhibition with selumetinib in responsive human malignant melanoma and colon carcinoma xenograft models. We show that treatment with the MEK1/2 inhibitor selumetinib results in an increase in tumour ADC that is concomitant with induction of tumour cell death and that occurs in the absence of tumour volume changes.
MATERIALS AND METHODS
Materials. All tissue culture reagents were purchased from Gibco (Life Technologies Ltd, Paisley, UK). For animal anaesthesia, Hypnorm was purchased from Jansen Pharmaceuticals (High Wycombe, UK) and Hypnovel from Roche (Burgess Hill, UK). Selumetinib was obtained from AstraZeneca, Macclesfield, UK.
Cell culture. Human WM266.4 melanoma (BRAF V600D ) and Colo205 (BRAF V600E ) colorectal cancer cells were obtained from ATCC and grown as previously described (Beloueche-Babari et al, 2012) . Cells were preserved and propagated according to ATCC's protocols, screened regularly for mycoplasma and passaged for no longer than 3 months.
Tumour xenograft models. Animals were treated in accordance with local and national ethical requirements and with the UK National Cancer Research Institute Guidelines for the Welfare and Use of Animals in Cancer Research . A total of 2-4 Â 10 6 WM266.4 or Colo205 cells were injected subcutaneously into the flanks of 6-8 weeks-old female NCr/Nu nude mice. Tumour volume was determined by calliper measurements of the tumour length (l), width (w), and depth (d), and calculated using the formula:
When the tumours reached 500-550 mm 3 in volume (3-4 weeks later), mice were randomised into two groups; a vehicle (water only) and a drug (selumetinib dissolved in water)-treated group. Mice bearing WM266.4 tumours (mean initial volume 559 ± 51 mm 3 , n ¼ 9) received 75 mg kg À 1 selumetinib, while those with Colo205 tumours (mean initial volume 484 ± 63 mm 3 , n ¼ 6) received 50 mg kg À 1 selumetinib. These doses are similar to those previously used in mouse studies (Yeh et al, 2007) and were chosen on the basis of achieving suppression of ERK1/2 phosphorylation as well as induction of tumour stasis at the end of the treatment schedule. The vehicle-treated mice (mean initial tumour volumes of 592 ± 46 mm 3 (n ¼ 6) and 512 ± 40 mm 3 (n ¼ 5) for WM266.4 and Colo205, respectively) received water only. Drug and vehicle treatments were done by oral gavage twice daily, with each group receiving six doses in total over 4 days (1 dose late on day 0, 2 doses on days 1 and 2 and 1 dose early on day 3).
Growth delay was monitored in a separate cohort of WM266.4 tumour-bearing mice, which were treated as described above (n ¼ 4 for vehicle and n ¼ 5 for selumetinib), and tumour volume monitored for a further 7 days after the dosing had stopped.
MRI of tumours.
Mice were anaesthetised with a single intraperitoneal injection of a Hypnovel-Hypnorm-water (1 : 1 : 2) mixture at a dose of 10 ml kg À 1 . Animals were placed within a 3-cm volume coil and positioned with the tumour at the isocentre of a Bruker 7 Tesla microimaging system (Bruker Instruments, Ettlingen, Germany). T 2 -weighted multi-slice anatomical images were initially acquired from 20 contiguous 1-mm thick slices through the tumour to help identify the centre of the tumour (rapid acquisition with refocusing echoes RARE sequence, TE ¼ 36 ms, TR ¼ 4500 ms, 4 averages, 128 Â 128 phase encoding steps, 3 Â 3 cm 2 field of view, RARE factor 8). DW-MRI was then performed on a single 1-mm thick axial slice through the largest extent of the tumour, using a diffusion-weighed spin-echo sequence (TE ¼ 32 ms, TR ¼ 1500 ms, b-values ¼ 150-750 s mm À 2 , five b-values, one average). Diffusion data were fitted using a novel Bayesian maximum a posteriori approach that takes the Rician noise distribution into account to calculate the ADC (WalkerSamuel et al, 2009) . Also, T 1 and T 2 relaxation times were determined using an inversion recovery (IR) true-FISP sequence (TI ¼ 109-2902 ms, 25 inversion times, TR ¼ 2.4 ms, TE ¼ 1.2 ms, eight averages, scan TR ¼ 10 s), and the data fitted using a similar a posteriori approach but which also utilised the dual relaxation sensitivity of the IR true-FISP sequence (Walker-Samuel et al, 2009) . Regions of interest outlining the tumour volume were drawn on high-resolution anatomical RARE images and used to derive the imaging parameters of interest. All data were fitted on a pixel-by-pixel basis using in-house software (ImageView), which provided maps of tumour spatial heterogeneity. The median value of each parameter in each tumour was determined.
MRI measurements were performed before (day 0) and 2 h following the last dose (on day 3). After the last scan, tumours were rapidly excised and divided into two parts; one frozen immediately at À 80 1C for western blotting and the other fixed in formal saline for histological analysis.
Assessment of MEK1/2 inhibition by western blotting. MEK1/2 signalling inhibition following selumetinib treatment in WM266.4 and Colo205 human tumour xenografts was assessed by western blotting for levels of phosphorylated ERK1/2 (P-ERK1/2). WM266.4 tumour differentiation was also assessed by monitoring the expression of the melanocyte lineage markers gp100 and Melan-A.
Tumour tissue homogenates were prepared as previously described and analysed by western blotting using standard protocols (Beloueche-Babari et al, 2012) . The primary antibodies used were rabbit anti-P-ERK1/2, anti-total ERK1/2 (Cell Signaling Technology, Danvers, MA, USA), anti-gp100 and anti-Melan-A (Abcam, Cambridge, UK). Mouse anti-GAPDH antibody (ChemiCon, Billerica, MA, USA) was used to verify equal protein loading. The secondary anti-rabbit and anti-mouse antibodies were from GE Healthcare Life Sciences (Buckinghamshire, UK).
Immunohistochemistry. Following fixation in formal saline, tumour tissue was embedded in paraffin, and sections cut and stained with haematoxylin and eosin (H&E) for the assessment of tumour necrosis or with antibodies against P-ERK1/2 or cleaved caspase-3 (CC3) (Cell Signaling Technology) using standard protocols as described previously (Davies et al, 2007) . Semiquantitative scoring was carried out using image analysis. CC3 was scored using an algorithm developed for colour deconvolution (Aperio ScanScope, Aperio Technologies LTD, Vista, CA, USA) using thresholding. Colour thresholds were adjusted accordingly, and the data generated in both instances was a percentage of brown intensity score based on the region examined. The percentage of tumour necrosis was measured using Genie Aperio Technologies LTD pattern-recognition software for the automated quantitative assessment of viable tumour tissue and necrosis.
Statistical analysis. Significant changes in absolute tumour volume and quantitative MR parameters before and following treatment were identified using the Wilcoxon's matched pairs test. Relative changes in these parameters were expressed as a percentage of the pre-treatment value, and any significant differences between treated and control cohorts were identified using a paired two-tailed t-test. Changes in percentage of tumour necrosis and CC3 staining were assessed with the Mann-Whitney test. For all statistical tests, a Pp0.05 was considered to be significant. Data are expressed as the mean ± 1 s.e.m.
RESULTS

Selumetinib induces stasis in BRAF
V600D WM266.4 melanomas concomitant with inhibition of MEK1/2-ERK1/2 signalling. Response of BRAF mutant tumours to MEK inhibitors is well established (Solit et al, 2006) . As we were interested in early MRI indicators of response, we first confirmed the responsiveness to 4 days of selumetinib treatment in the BRAF V600D mutant WM266.4 human melanoma xenograft model. This short-term treatment resulted in significant growth inhibition. As shown in Figure 1A , the vehicle-treated WM266.4 tumours increased in volume to 146 ± 8% (P ¼ 0.001), while the volume of the drug-treated tumours remained unchanged (103±7%, P ¼ 0.75), indicating tumour stasis. Tumours resumed growth after withdrawal of therapy, but the growth delay induced by selumetinib persisted for several days after the last dose ( Figure 1B) .
Confirming the expected effects on downstream signalling output, analysis of western blots from WM266.4 melanoma tissue showed a marked reduction in P-ERK1/2 levels in selumetinibtreated compared with vehicle-treated tumours ( Figure 1C ). Furthermore, MEK1/2 inhibition with selumetinib resulted in increased expression of the melanocyte lineage markers gp100 and Melan-A consistent with induction of melanoma cell differentiation following MEK1/2 signalling inhibition (Englaro et al, 1998; Kono et al, 2006) . Selumetinib increases ADC in WM266.4 human melanoma xenografts. Figure 2A and B show anatomical T 2 -weighted images, parametric ADC maps and ADC distribution histograms acquired from a WM266.4 human melanoma xenograft before and following treatment with selumetinib, using the same dose regimen that inhibited MEK1/2 signalling and induced tumour stasis. Analysis of DW-MRI data indicated that tumour ADC increased in the drug-treated group to 159 ± 21% relative to day 0 (P ¼ 0.02), whereas ADC values remained unchanged in the vehicle-treated group (116 ± 13%, P ¼ 0.28). Quantification of these data is further summarised in Figure 2C .
Measurement of the native longitudinal relaxation time T 1 and the transverse relaxation time T 2 in the selumetinib-treated tumours revealed no significant changes relative to day 0 values (103±2% for T1 and 127±18% for T2, PX0.16). The selumetinib-induced rise in ADC is associated with increased tumour necrosis in WM266.4 melanoma xenografts. To investigate the biological basis for the increase in WM266.4 human melanoma ADC, we performed histological analyses on the excised tumour tissue samples. As shown in Figure 3A and B, H&E staining revealed an increase in the necrotic fraction in the selumetinib-treated cohort compared with the vehicle-treated tumours (mean scores of 58±10% vs 20±10%, respectively; P ¼ 0.03). CC3 staining showed no significant differences between selumetinib-treated and vehicle-treated WM266.4 tumours ( Figure 3A and B), indicating no effect on tumour apoptosis. Staining for P-ERK1/2 ( Figure 3A) showed reduced levels in the areas of the tumour that remained viable, thus further confirming the inhibitory effect of selumetinib on MEK-ERK1/2 signalling in WM266.4 tumours, in line with the western blot data.
These findings suggest that the increase in WM266.4 human melanoma tumour ADC is associated with increased tumour necrosis following selumetinib therapy.
Selumetinib induces an increase in ADC in BRAF V600E Colo205 colon tumour xenografts concomitant with inhibition of ERK1/2 signalling and tumour growth. To confirm that the changes in tumour ADC observed in the WM266.4 human melanoma xenograft after selumetinib treatment were not tumour type dependent, we investigated a second BRAF mutant tumour model from a different tissue of origin, the BRAF V600E mutant Colo205 human colon carcinoma. Dosing with selumetinib caused tumour stasis in Colo205 xenografts with tumour volume remaining unchanged on day 3 compared with pre-treatment values (101±4%, P ¼ 0.73). In contrast, and over the 4 days dosing schedule, the vehicle-treated Colo205 human colon carcinoma tumours grew to 135±6% compared with day 0 (Figures 4A, P ¼ 0.002). Western blotting of excised tumour tissue on day 3 showed a marked suppression of ERK1/2 phosphorylation consistent with the inhibitory action of selumetinib on MEK1/2 ( Figure 4B ).
Analysis of DW-MRI data revealed a significant increase in mean tumour ADC following treatment with selumetinib on day 3, up to 147 ± 18% of day 0 values (P ¼ 0.01; Figure 4C ). The vehicle-treated cohort showed no significant change in ADC on day 3 compared with day 0 (102 ± 19%, P ¼ 0.9).
The selumetinib-induced increase in ADC in Colo205 tumours is associated with induction of tumour apoptosis and necrosis. To qualify the changes in ADC observed in Colo205 xenografts, we performed immunohistochemical assessment of the excised tumour tissue. As shown in Figure 5 , P-ERK1/2 levels were markedly reduced in the selumetinib-treated tumours compared with the vehicle-treated controls consistent with our western blot analysis. Furthermore, we observed an increase in the tumour cell population staining positive for CC3 in the selumetinibtreated cohort (18 ± 2%) relative to the vehicle-treated tumours (10 ± 1%, P ¼ 0.017). H&E staining showed that the percentage of tumour necrosis increased from 29 ± 3% in the vehicle control tumours to 43±5% in the selumetinib-treated tumours (P ¼ 0.03). These data indicate that the rise in Colo205 tumour ADC could result from increased tumour apoptosis and/or necrosis following selumetinib treatment. Overall, these results in Colo205 colon cancer xenografts were comparable to those seen in WM266.4 human melanoma xenografts.
DISCUSSION
The recent FDA approval of the BRAF inhibitor vemurafenib for the treatment of BRAF mutant metastatic melanoma (Flaherty et al, 2010) , and the clinical activity reported with MEK1/2 inhibitors in the same disease (Flaherty et al, 2012) , demonstrate the effectiveness of blocking the BRAF-MEK-ERK1/2 signalling pathway in BRAF-driven human melanoma tumours. The discovery and validation of pharmacodynamic, and preferably non-invasive, biomarkers that report on drug action is key for the rational development of therapies targeting the MEK1/2 pathway, as they allow target and pathway modulation to be monitored and therapeutic response to be assessed at an early stage and before any visible changes in tumour volume.
In the present study, we used DW-MRI to evaluate pharmacodynamic biomarkers of response to selumetinib, a MEK1/2-selective inhibitor that has recently completed phase I/II testing in advanced melanoma and colorectal cancer (Adjei et al, 2008; Board et al, 2009; Bennouna et al, 2011) and completed a phase II combination study in non-small-cell lung cancer (Janne et al, 2012) . This drug causes inhibition of growth and induction of apoptosis in a range of pre-clinical tumour models (Davies et al, 2007; Yeh et al, 2007) . We therefore hypothesised that such effects could translate to reduced tumour cell density and increased extracellular space volume, leading to raised tumour ADC detectable by DW-MRI.
Two human tumour xenograft models were used to assess the effects of selumetinib on ADC: BRAF V600D WM266.4 melanoma and BRAF V600E Colo205 colorectal carcinoma. These animal models allow the relationship between imaging and pathological responses to be evaluated systematically, which is difficult to achieve in studies of cancer patients. Both of the tumour models harboured highly activating oncogenic BRAF mutations leading to dependency on MEK-ERK1/2 signalling for survival and increased sensitivity to MEK1/2 signalling inhibition (Solit et al, 2006; Davies et al, 2007) . This BRAF mutation profile was chosen, as it is consistent with the genotype of the human tumours likely to be treated with BRAF-MEK1/2 signalling inhibitors in the clinic.
In BRAF V600D WM266.4 human melanoma xenografts, selumetinib induced tumour growth inhibition concomitant with reduced ERK1/2 phosphorylation, thus confirming the inhibitory effects of the drug on MEK1/2. Furthermore, we also observed increased expression of melanocyte lineage markers consistent with induction of melanoma differentiation following MEK1/2 signalling inhibition (Englaro et al, 1998; Kono et al, 2006) . DW-MRI analysis showed that selumetinib treatment led to a 1.6-fold rise in tumour ADC relative to pre-treatment values, whereas ADC was not changed in the control tumours. Increased tumour ADC suggests increased water diffusivity as a result of treatment-induced changes in tissue cellular packing density. Indeed analysis of excised tumour tissue by H&E staining revealed an increase in the percentage of necrosis in the selumetinib-treated tumours relative to the vehicle-treated group. Thus, the rise in ADC in WM266.4 xenografts is likely to be caused by reduced restriction of water diffusion following induction of tumour necrosis and the associated loss of cellular membrane boundaries. Similar effects were also observed in the BRAF V600E Colo205 human colon carcinoma model, indicating that the ADC changes reported in WM266.4 tumours are not tumour model-specific.
An increase in percentage of tumour necrosis was observed in both Colo205 and WM266.4 xenografts. In the Colo205 tumour model, we also observed an increase in tumour apoptosis as revealed by CC3 staining, which was not seen in WM266.4 tumours. One possible explanation for this apparent difference could be the fact that caspase 3 cleavage is a dynamic process that has tumour model-dependent time course and amplitude, as previously reported (Davies et al, 2007) . The increase in WM266.4 tumour necrosis could be the aftermath of a preceding induction in tumour apoptosis, although detailed time course assessment of CC3 levels would be required to test this hypothesis. These findings are consistent with a previous report associating increases in tumour ADC with induction of global cell death resulting from various mechanisms, rather than any one specific type (Morse et al, 2007) .
Our findings, confirmed in two independent human tumour models, show that response to MEK1/2 inhibition with selumetinib results in elevated tumour ADC that occurred in the absence of changes in treated tumour volume. Hence ADC could have value as an early functional biomarker of response to drugs targeted at MEK1/2 signalling. In addition to restriction of tissue water diffusion, ADC can also be affected by blood flow and perfusion ). In our imaging protocol, the b-values used to calculate the ADC covered the range 150-750 s mm À 2 , which excludes contributions from tumour tissue perfusion to our ADC readouts ). Further work is warranted to assess the impact of selumetinib and other BRAF-MEK1/2-targeted therapies on tumour perfusion.
In addition to ADC measurements, we also evaluated native T 1 and T 2 in WM266.4 tumours and observed no significant difference following selumetinib treatment. Native T 1 and T 2 are being actively investigated as putative pharmacodynamic biomarkers in oncology (McSheehy et al, 2010; Jamin et al, 2013) . Our findings highlight the advantage of multiparametric MRI studies in assessing multiple imaging readouts in one experiment, thereby enabling the identification of the most robust biomarker of response, in this case tumour ADC.
Increases in tumour ADC have previously been observed in patients responding favourably to various forms of anti-cancer treatment, including radio-and chemotherapy (Hamstra et al, 2007; Koh et al, 2009) . The use of DW-MRI to monitor response to agents targeted at oncogenic signalling has only been described in a small number of reports. An increase in tumour ADC was recorded clinically with favourable response to the tyrosine kinase inhibitor imatinib (Tang et al, 2011) , the VEGFR inhibitor cediranib (Gerstner et al, 2010) and the RAF/VEGFR/PDGFR multikinase inhibitor sorafenib (Schraml et al, 2009) . In preclinical cancer models, ADC increases were observed following treatment with the EGFR1 inhibitor gefitinib (Aliu et al, 2009 ), the Jak1/2 inhibitor AZD1480 (Loveless et al, 2012) , the HIF inhibitors PX-478 and NSC-134754 (Jordan et al, 2005; Baker et al, 2012) and sorafenib (Karroum et al, 2013) . These effects were associated with the induction of tumour cell death and the expected increase in extracellular space volume fraction and water diffusivity, in line with our findings. DW-MRI is increasingly being incorporated into the clinical trials of novel agents aimed at signal transduction pathways (Tunariu et al, 2012) , and findings from this study highlight the potential value of ADC measurement to inform on the anti-tumour effects of drugs targeting BRAF-MEK-ERK1/2 signalling. This would complement current work using 2-[ 18 F]fluoro-2-deoxy-D-glucose positron emission tomography (FDG-PET) to noninvasively monitor response to BRAF-MEK1/2-targeted therapy in the clinic (Chapman et al, 2011) . ADC measurements, especially when combined with multi-parametric MRI of the tumour microenvironment (e.g., vascularity), will provide valuable complementary information to FDG-PET, that is, combining evaluation of energetic metabolism with physiological assessment of perfusion and cellularity. The current study provides proof of concept for incorporating DW-MRI measurements in the clinical trials of BRAF-MEK1/2-targeted drugs and potentially other oncogenic signalling inhibitors expected to trigger tumour cell death.
A key advantage of imaging the intrinsic functional properties of tumours, such as cellular density, is the ability to longitudinally follow up drug-induced spatial as well as temporal changes in tumour biology over time, enabling detection of the onset of resistance in the clinic (Workman and Clarke, 2011; Al-Lazikani et al, 2012) . This is particularly important for inhibitors of the MEK1/2 pathway where acquired drug resistance is, in many cases, mediated by parallel bypass signalling pathways involving RTK activation and where the assessment of P-ERK1/2 inhibition does not inform on the eventual tumour cell response to treatment (Nazarian et al, 2010; Corcoran et al, 2011) . In the clinical setting, an increase in tumour ADC, providing an early non-invasive readout of downstream induction of cell death following MEK1/2-ERK1/2 pathway inhibition in addicted cancers, would be more informative with regards to treatment outcome than molecular assessment of target modulation alone.
DW-MRI was able to longitudinally monitor the onset of chemotherapeutic drug resistance in an animal tumour model (Lee et al, 2006) . It would therefore be of interest to evaluate ADC in tumours with varying degrees of sensitivity to BRAF-MEK1/2-ERK1/2 signalling inhibitors, including those with intrinsic and acquired drug resistance. This will be key for objectively assessing the value and limitations of ADC as a potential pharmacodynamic biomarker of drug activity in pre-clinical models and optimise its use for clinical trials.
In summary, we have shown that MEK1/2 inhibition with selumetinib induces a rise in ADC values in responsive human melanoma and colon carcinoma xenografts that was concomitant with induction of cell death and that occurred in the absence of visible changes in tumour volume. Thus ADC could be useful as an early non-invasive biomarker of response to selumetinib and other inhibitors of MEK1/2 signalling in the clinic. DW-MRI can be readily incorporated into non-invasive imaging protocols forming part of clinical trials, thus allowing our findings to be translated to patient studies where the value of tumour ADC as a non-invasive biomarker of response to BRAF-MEK1/2-ERK1/2 signalling inhibitors can be assessed. and C107/A10433). In addition, we also acknowledge the support received from the Cancer Research UK and the EPSRC Cancer Imaging Centre in association with the MRC and Department of Health (England) grant C1060/A10334 and the NHS funding to the NIHR Biomedical Research Centre. SPR is the recipient of a Royal Society University Research Fellowship and research funding from AstraZeneca. PW is a Cancer Research UK Life Fellow. MOL is an NIHR Senior Investigator.
